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successful in promoting formation of multi¬ 
compartment cores { 32 ). 
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vores (inferred diet of large prey) character¬ 
ized by enhanced shearing blades on their 
molar teeth (2). The more diverse boropha- 
gines included both of these types, as well as 
hypocamivores (inferred diet of more plant 
matter than mesocamivores) with reduced 
shearing blades and enlarged grinding areas 
on their molars ( 3 ). 

To examine trends in body size and die¬ 
tary specialization in fossil canids, we relied 
on inferences from dental morphology. Based 
on the established correlation between lower 
camassial tooth [first molar (Mj)] length and 
body mass in living canids, we used Mj 
length as a surrogate for body mass ( 6 , 7). To 
estimate dietary adaptations, we relied on 
previous studies of the correspondence be¬ 
tween morphology and diet in canids ( 8 , 9 ). 
A discriminant analysis of 30 craniodental 
measurements on 27 species of modem canids 
easily separated hypercarnivores as having 
relatively deep jaws, large canine and incisor 
teeth, reduced molar grinding areas, and 
longer shearing blades on their lower camas- 
sials ( 9 ). Because fossil species are rarely 
represented by complete specimens, we fo¬ 
cused on three shape indices (six measure¬ 
ments) that together are highly informative 
about canid diets, independent of body mass. 
These are jaw depth relative to length, the 
proportion of the lower carnassial devoted to 
shearing rather than grinding function, and the 
proportion of the upper camassial and molars 
devoted to grinding rather than shearing ( 10 ). 
Relative to hypo- and mesocamivores, hyper- 
carnivores tend to have deeper jaws to with¬ 
stand loads imposed by killing and feeding on 
large prey, as well as long shearing blades 
and reduced molar grinding areas. 

In both subfamilies, mean body mass in¬ 
creased substantially with time (Fig. 1, B and 
C) and within-lineage transitions to larger 
size significantly exceeded those to smaller 
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Over the past 50 million years, successive clades of large carnivorous 
mammals diversified and then declined to extinction. In most instances, the 
cause of the decline remains a puzzle. Here we argue that energetic 
constraints and pervasive selection for larger size (Cope's rule) in carnivores 
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and a decline in species durations. Thus, selection for attributes that 
promoted individual success resulted in progressive evolutionary failure of 
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size (11). In the Hesperocyoninae, M, length 
underwent a 400% expansion over 25 million 
years, and it increased by 600% over 35 
million years in the Borophaginae. Increase 
in body size was accompanied by a dis¬ 
appearance of small species in both groups. 
The role of small canid-like carnivore was 
then filled by the earliest members of the 
Caninae (3), as well as perhaps a few species 
of procyonids (raccoon-like carnivores) (12). 

A principal components analysis (PCA) of 
the three morphometric indices for 16 species 
of hesperocyonines for which the indices 
could be measured displays a diversity of 
forms and implies that the first principal 
component (PCI) can be used to infer hyper- 
carnivorous adaptation (Table 1 and Fig. 2A). 
Species with the relatively deepest jaws, 
largest camassial blades, and most reduced 
grinding areas have low, negative scores on 
this component, whereas those with less 
hypercarnivorous features have high positive 
scores. The second component further dis- 



Fig. 1. Trends in species diversity and body size 
in extinct canids. (A) Changes in species 
diversity with time in hesperocyonines (open 
symbols) and borophagines (solid symbols). 
Arrows indicate the first appearance of species 
with hypercarnivorous adaptations as defined 
by a PCA of craniodental morphology. Body 
size (lower first molar length in millimeters) is 
plotted against time, from oldest to youngest, 
for species of (B) Hesperocyoninae (n = 27, r 2 = 
0.57, P < 0.001) and (C) Borophaginae (n = 60, 
r 2 = 0.74, P < 0.001). Each bar spans the known 
species duration in the fossil record, with the 
symbol positioned at the midpoint. Diversity 
data are modified from (2, 3). 


tinguishes species with deep jaws and 
reduced grinding area as having a very 
positive score on this axis. Within-lineage 
trends toward hypercarnivory are apparent 
within Osbornodon (N —> P, Fig. 2A), as 
well as in the hypothesized lineage from 
Mesocyon to Sunhunketanka to Enhydrocyon 
(2) [H —► G —» (M and K), Fig. 2A], 

The same analysis was run for 26 species of 
borophagines for which the three morphometric 
indices could be measured. Results largely pa¬ 
rallel that for the hesperocyonines: PCI defined 
an axis of hypercarnivory (Table 1 and Fig. 
2A). Specialized hypercamivores had low neg¬ 
ative scores on this axis and positive scores on 
the second. As was true of the hesperocyo¬ 
nines, there were within-lineage trends toward 
hypercarnivory. For example, the proposed 
evolutionary sequence of Paratomarctus to 


Carpocyon to Protepicyon to Epicyon to 
Borophagus (3) can be traced across the PCA 
plot, moving from right to left on PCI and 
then upward on PC2, as the lineage becomes 
increasingly specialized for hypercarnivory 
[s —> v —* (w and x) —> y —» z, Fig. 2A], 
We used PCI score as an index of special¬ 
ization for hypercarnivory and plotted it 
against estimated body size for each species 
by subfamily. The pattern is unambiguous: 
Larger species are more specialized for hyper- 
camivory as defined by their position on PC 1 
(Fig. 2B). Moreover, there are no small 
species with adaptations for hypercarnivory 
as extreme as those seen in the larger species, 
nor are there large species with more meso- 
camivorous or hypocamivorous morphology. 
As mean body size increased, species evolved 
into specialized hypercamivores. 


Fig. 2. Dietary specializa- a 
tion and its association 2 

with body size increase in 
hesperocyonines (left) 1 

and borophagines (right). cm 

(A) Plot of the first two ^ 

PCs of a PCA of cranio- 
dental indices. Species 
with negative values on _2 

PCI are predicted to have 
been hypercarnivorous to -3 

varying degrees. Arrows 
link species within a pro¬ 
posed evolutionary series. b -2 
Species labels are as fol¬ 
lows: A, Hesperocyon 
gregarious ; B, Prohes- _1 

perocyon wilsoni, C, Hes- _ 
perocyor coloradensis; 0 0 

D, Ectopocynus sp.; E, a 

Paraenhydrocyon josephi; 

F, Cynodesmus thoides ; G, 

Sunkahetanka gerin- 
gensis; H, Mesocyon cory- 2 

phaeus ; I, Philotrox 
condoni; J, Enhydrocyon 
pahinsintewakpa-, K, E. basilatus: L, Paraenhydrocyon walloviarus ; M, Enhydrocyon crassidens; N, 
Osbornodon iamonensis; O, Cynodesmus martini ; P, Osbornodon fricki: a, Archaeocyon pavidus ; b, 
Rhizocyon oregonensis ; c, Phlaocyon leucosteus; d, Cormocyon haydenr, e, C. copei; f, Desmocyon 
thomsoni ; g, D. matthewi ; h, Cynarctus galusha'r, i, Psalidocyon mariae; j, Microtomarctus conferta; k, 
Prototomarctus optatus; l, Tomarctus hippophagus ; m, T. brevirostris; n, Aeleurodon aesthenostylus; 
o, A. mcgrewi; p, A. stirtoni ; q, A. ferox: r, A. taxoides ; s, Paratomarctus temerius-, t, P. euthos; u, 
Carpocyon compressus ; v, C. webb'r, w, Protepicyon rak'r, x, Epicyon saveus; y, E. haydenr, z, 
Borophagus secundus. (B) Degree of hypercarnivorous specialization (PCI score in PCA analysis) 
plotted against body size (M 1 length in millimeters) (hesperyocyonines, n = 16, r 2 = 0.67, P < 0.001; 
borophagines, n = 26, r 2 = 0.71, P < 0.001). Note that values on PCI are reversed. Putative 
hypercamivores with PCI score < 0 are indicated by solid symbols; hypo- and mesocarnivores 
(PCI > 0) are indicated by open symbols. For analyses of body size trends, all species in (2, 3) for 
which lower first molar length was available were included. 


Table 1. Variable loadings and variance explained for the first two PCs. 



Hesperocyoninae 

Borophaginae 

Variables 

PCI 

PC2 

PCI 

PC2 

Relative blade length 

-0.947 

-0.171 

-0.929 

-0.247 

Relative grinding area 

0.812 

-0.581 

0.936 

0.186 

Relative jaw depth 

-0.911 

-0.34 

-0.891 

0.453 

Percent variance explained 

80% 

16% 

84.5% 

10% 




PC 1 PCI 
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Did this result in an increased suscepti¬ 
bility to extinction? A plot of the index of 
hypercarnivory (PCI score) against esti¬ 
mated species durations (Fig. 3A) indicates 
that none of the hypercarnivorous species 
(solid symbols) persisted for more than six 
million years, whereas some more omnivo¬ 
rous species (open symbols) endured for as 
much as 11 million years. Thus, the large 
hypercarnivores appear to have been limited 
in duration relative to other species, suggest¬ 
ing a greater vulnerability to extinction. 

The shorter species longevities of large 
hypercamivores might reflect a decreased 
probability of fossil preservation. Because 
they were large and carnivorous, their 
population densities are expected to have 
been reduced relative to those of smaller 
species (13-15), making them less likely to 
be recovered as fossils. Conversely, their 
greater body size, more massive bones and 
teeth, and presumed large geographic ranges 
favor fossil preservation (16, 17). The mean 
frequency of borophagine species in individ¬ 
ual fossil localities (194 occurrences) is 
approximately 0.02, and that of hesperocyo- 
nines (39 occurrences) is approximately 0.03 
(18). Relative abundance in a fossil sample is 
uncorrelated with observed species duration 
or body size in both subfamilies (Fig. 3B). 
Based on these observed frequencies and 
calculating binomial probabilities (19), it 
would require a total fossil sample of 500 
to 2000 specimens to be 99% or more certain 


of recovering at least one specimen of each 
canid species, if present. Thus, we can regard 
the observed endpoints of species ranges as 
being accurate indicators of the true strati¬ 
graphic ranges when samples approach or 
exceed these sizes for the interval above and 
below a given observed endpoint interval. At 
the temporal resolution we used, the known 
fossil record is sufficiently rich in each of the 
major regions that this condition is easily 
met at most levels throughout the Oligocene 
and Miocene. Given this, we do not believe 
that the observed differences in species 
durations result from artifacts of sampling. 

Because hypercarnivory and increased 
body size evolved in tandem within our 
sampled canids, it is unclear which is most 
responsible for the drop in species durations. 
Both are associated with reduced population 
densities, a pivotal factor in modern species 
extinctions (20). Examination of the histories 
of each subfamily reveals that the first 
appearance of hypercarnivores (here defined 
as PC 1 score < 0) occurs at the diversity peak 
in each subfamily (Fig. 1A). Subsequently, 
each subfamily declines to extinction over 
the next 14 to 16 million years. In both, new 
species continue to appear after the diversity 
peak, but extinction outpaces origination and 
species durations are shortened, leading to 
progressive declines in species richness. 

Cope’s rule, or the evolutionary trend 
toward larger body size, is common among 
mammals (21). Large size enhances the 


ability to avoid predators and capture prey, 
enhances reproductive success, and improves 
thermal efficiency (22, 23). Moreover, in 
large carnivores, interspecific competition 
for food tends to be relatively intense, and 
bigger species tend to dominate and kill 
smaller competitors (24, 25). Progenitors of 
hypercarnivorous lineages may have started 
as relatively small-bodied scavengers of large 
carcasses, similar to foxes and coyotes, with 
selection favoring both larger size and en¬ 
hanced craniodental adaptations for meat eat¬ 
ing. Moreover, the evolution of predator size 
is likely to be influenced by changes in prey 
size, and a significant trend toward larger size 
has been documented for large North Amer¬ 
ican mammals, including both herbivores and 
carnivores, in the Cenozoic (21). After 30 Ma, 
large (>100 kg) prey species were always 
present and tended over time to become an 
increasingly significant resource (26). 

Among living meat eaters, almost all 
species larger than about 21 kg prey on species 
as large or larger than themselves, whereas 
smaller carnivores can subsist on much 
smaller prey (such as invertebrates and 
rodents) (27). This transition to taking larger 
prey seems to reflect energetic constraints 
imposed by tradeoffs between foraging effort 
and food acquired. For species > ~21 kg, 
energy spent acquiring small prey is not 
likely to be balanced by nutrition gained 
(27). Thus, as moderately carnivorous hes- 
perocyonines and borophagines became 
larger, they crossed the threshold where 
taking big prey was favored. Based on the 
relation between M t length and body mass in 
living canids (6, 7), this threshold would have 
been crossed at an M t length of 18 to 25 mm. 
In both subfamilies, this transition was 
coincident with the first appearance of 
species with negative PCI scores (Fig. 2B), 
which our analysis suggests were hyper¬ 
camivores. To be an effective predator of 
large prey required additional morphological 
specializations such as deeper jaws, reduced 
dental grinding areas, and enlarged dental 
shearing blades. Once species reached this 
elevated position in the trophic chain, their 
vulnerability to extinction increased. Rever¬ 
sals to a more generalized morphology and 
diet were rare in these two extinct canid 
subfamilies (2, 3). Consequently, selection 
for larger size and hypercarnivory acted as a 
macroevolutionary ratchet, locking them into 
a trend of increasingly specialized forms that 
resulted ultimately in clade extinction. Sim¬ 
ilar trends toward larger size and hyper¬ 
carnivory have been suggested in other 
extinct predatory taxa, such as Permian 
therapsids (28), creodonts, amphicyonids, 
and hyaenids (1), and these clades may have 
succumbed to the same macroevolutionary 
ratchet. Evolution may progress in a direction 
that favors individual fitness but ultimately 


Fig. 3. Dietary specializa¬ 
tion, species duration, 
and frequency in collec¬ 
tions in hesperocyonines 
(left) and borophagines 
(right). Solid symbols, 
putative hypercarnivores 
with PCI score < 0; open 
symbols, hypo- and meso- 
carnivores (PCI > 0); open 
triangles, species not 
included in PC analysis 
because of insufficient 
data. Species durations 
were determined from 
published data (2, 3) on 
stratigraphic range and 
are minima, given that 
the fossil record is unlikely 
to preserve either the first 
or last representative of a 
species. (A) PCI score 
plotted against species 
durations (hesperocyo¬ 
nines, n = 16, r 2 = 0.03, 

P = 0.55; borophagines, 
n = 26, r 2 = 0.1, P = 0.12). 

Note that values on PCI 
are reversed. (B) Species 
durations plotted against 
mean frequency in individual fossil collections, (hesperocyonines, n = 14, r 2 = 0.01; P = 0.73; 
borophagines, n = 27, r 2 = 0.004, P = 0.74). M 1 length is also not correlated with mean frequency 
(analysis not shown; hesperocyonines, n = 14, r 2 = 0.004; P = 0.82; borophagines, n = 26, r 2 = 0.007, 
P = 0.69). 



www.sciencemag.org SCIENCE VOL 306 1 OCTOBER 2004 


103 






Reports 


results in a lineage that is less likely to persist 
{29). The risk of extinction will rise if the 
evolutionary trend is associated with a decline 
in population density and/or increased trophic 
specialization (given that reversals are uncom¬ 
mon). The same or a similar ratchet might be 
responsible for the decline to extinction of 
many formerly successful groups of organ¬ 
isms, especially in mammals, where Cope’s 
rule is often observed and species turnover 
rates tend to be high {21, 29). 
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turnover endonuclease that contains an RNA 
subunit and protein components. In bacteria, 
the RNA subunit is capable of cleaving pre- 
tRNA without its protein partner in vitro 
(2, 4). Most of the bacterial RNase Ps can 
be classified into two major distinct types— 
A and B—on the basis of the sequence of the 
RNA component. In both types of bacterial 
RNase P, the RNA consists of two inde¬ 
pendently folding domains: a specificity do¬ 
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(S) domain is responsible for substrate rec¬ 
ognition and binding (5, 6). 

Although the RNA components of all bac¬ 
terial RNase P types share many secondary- 
structural features throughout the molecule, 
there are noticeable differences {3, 4). In 
particular, the S domains of the two major 
bacterial types exhibit differences in secon¬ 
dary structure that might affect the tertiary 
fold (Fig. 1). Most noticeably, in the A-type 
RNase P. the P10.1 stem is absent and the 
J12/11 internal loop is interrupted by the 
insertion of the PI3 and P14 stems, which 
are not present in the B type. Because the 
major tertiary interactions in the S domain of 
B-type RNase P involve the P10.1 stem (7), a 
substantially different fold for the A-type 
RNase P could be anticipated. However, bio¬ 
chemical data indicate that substrate recog¬ 
nition involves equivalent nucleotides in both 
types {8, 9), suggesting similar structures for 
the pre-tRNA recognition region. 


Basis for Structural Diversity in 
Homologous RNAs 

Andrey S. Krasilnikov , 1 Yinghua Xiao , 1 Tao Pan , 2 
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Large RNA molecules, such as ribozymes, fold with well-defined tertiary struc¬ 
tures that are important for their activity. There are many instances of 
ribozymes with identical function but differences in their secondary structures, 
suggesting alternative tertiary folds. Here, we report a crystal structure of the 
161-nucleotide specificity domain of an A-type ribonuclease P that differs 
in secondary and tertiary structure from the specificity domain of a B-type 
molecule. Despite the differences, the cores of the domains have similar three- 
dimensional structure. Remarkably, the similar geometry of the cores is 
stabilized by a different set of interactions involving distinct auxiliary elements. 
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